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Abstract 
In the near future large quantities of CO2 will be transported over a large distance from Carbon dioxide Capture plants to on-
shore and off-shore underground Storage (CCS) sites. The risk assessments for the existing CO2 pipelines show distances to 
harmful threshold concentrations from 1 to 7.2 km. Such large differences in safety distances are not acceptable. For the design, 
construction and operation of new high pressure CO2 pipelines through populated areas it will be necessary to have a validated 
risk assessment model. This paper describes the applied models for the outflow and dispersion and the causes of the uncertainties 
in the outflow and dispersion of CO2 after an accidental release from a high pressure pipeline. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Safety risks of high pressure pipeline transport 
In the near future large quantities of CO2 will be transported over a large distance from Carbondioxide Capture 
plants to on-shore and off-shore underground storage sites. Transport of CO2 via a high pressure pipeline (15 – 20 
MPa) is economically most attractive for high volume transports. In the USA and Canada long distance transport 
pipelines already exist with a total length of over 6000 km. The diameters of these pipelines are in the range of  0.3 
– 0.7m with operating pressures between 10 and 20 MPa. Most of North American pipelines are located in non 
populated, remote areas. In Western Europe new Carbon Capture and Storage (CCS) projects including long 
distance transport of high pressure CO2 through populated areas are planned. Up to now there is little experience 
with pipeline transport of CO2 in Western Europe. In the Netherlands an on-shore exists of 85 km length, 0.65 m 
diameter and 10-22 bar operating pressure. This pipeline partly passes very near to populated areas. In Norway a 
245 km long, 0.32 m  diameter, 200 bar off-shore pipeline to the Sleipner field.  
It is necessary to have a validated risk assessment model to get the construction and operation permits for CO2 
pipelines that will pass populated areas. An important result of the risk assessment  is the safety distance. The safety 
distance of a pipeline is defined as the distance from the pipeline where accidental releases cannot cause 
unacceptable risk for the people. However in the risk assessments different criteria are used for the unacceptable risk 
[1], as well deterministic as probabilistic criteria, e.g.: Acute Exposure Guideline Level (AEGL-1,2,3),  Emergency 
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Response Planning Guideline (ERPG-1,2,3), Maximum Allowed Concentration (MAC), 1% lethality risk. Safety 
distances in published risk assessments for underground high pressure CO2 pipelines vary from less than 1 m till 7.2 
km [1].  The large variation in the safety distance is not only caused by the applied criterion for the safety distance 
but also by different assumptions and models applied in the risk assessments. Important differences in the 
assumptions and modelling are: 
 The accidental release hole size: pin hole, 10% of the cross section of the pipeline, full bore rupture. 
 The physical state of the released CO2: only gas release, 2 or 3 phase flow. 
 Outflow phenomena: free or impinging turbulent jet release, laminar flow, vertical or horizontal release. 
 With or without formation and fall out of solid CO2 and sublimation of the formed dry ice bank 
 Dispersion: Active or passive dispersion of (dense) CO2. 
 Human vulnerability model: no-effect level, Maximum Allowed Concentration, Short Term Exposure Limit, 1% 
lethality limit etc. 
 
As indicated these variations in assumptions result in large differences for the safety distances of the same 
pipeline and this is not acceptable in the planning of new pipelines through populated areas. Therefore the authors 
started the development of a model to assess the consequences of accidental releases from high pressure CO2 
pipelines for people present in the vicinity of such pipelines. The model will include: 
 A 2-3 phase CO2 release model from the pipeline, including the transient behaviour of the CO2 inside the broken 
pipeline. 
 The formation of a crater by the blast of the bursting pipeline and the impinging jet on the walls of the crater. 
 The phase transitions of the released mixture of gas and solid CO2 including sublimation of a formed dry ice 
bank. 
 The dispersion of the CO2 in the environment: jet dispersion (if the yet does not impinge on the crater walls) 
followed by passive (dense) gas dispersion. 
 A human vulnerability model based on a probit equation for the inhalation of CO2.  
Figure 1 gives an overview of the processes during outflow and dispersion of pressurised CO2. 
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Figure 1 Overview of processes during outflow of pressurised CO2. 
 
For the development of a model for the release and dispersion of high pressure CO2 existing models of these 
processes for other substances will be used as a starting point. An overview of these models is presented in the 
following sections. Each section will start with a general description of the physics of the process, then the general 
models and will close with a description of the application of models on CO2.  
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2. Modelling of the outflow from a pressurised CO2 pipeline 
2.1. Processes inside the pipeline 
2.1.1. Physics
Before an accidental release, the pressure in the CO2 pipeline will be above the saturation pressure. At the 
moment of a rupture, the pressure at the exit decreases first to the choking pressure (which is a function of the 
vapour mass fraction) and the rest of the pipe also starts to depressurise. This pressure wave is moving away from 
the pipe exit at the velocity of sound (typically 500 m/s for liquid CO2). The result is a 2-phase flow in the pipe. The 
2-phase volume grows until the wave front reaches the end of the pipe (or a block valve). From this point it will 
reflect and return to the exit. The 2-phase outflow continues until the pressure inside the pipe has decreased to 
atmospheric, at this point there is no longer a driving pressure difference and the main part of the outflow has 
stopped. Inside the pipe remains a liquid with vapour above it. The CO2 outflow process will be as described until 
the CO2 triple point pressure (0.518 MPa). At a certain point, however, the pressure will drop below this value and 
solid CO2 will be formed. However, for risk assessment of the releases from high pressure pipelines this part may 
not be so interesting because of the much lower outflow rate. 
2.1.2. Models
A model generally used as the basis for calculating the source term for two-phase outflow of a pipe is the one 
developed by Morrow [2]. It can be used for the entire two-phase flow within the pipeline. The flow is initially 
determined based on choked flow at the exit of the pipe, as time continues the pressure at the exit will drop until the 
flow is no longer choked. Typical output parameters are: pressure at the exit, temperature at the exit, total mass flow 
rate and vapour mass fraction at the exit. In principle the Morrow model was developed for LPG outflow from a 
pipeline, however, with use of the proper physical properties it can be applied also to other substances [3].  
In [4] and [5] commercially available two-phase pipeline simulation packages as OLGA, PLAC, and PROFES, 
are mentioned as options to calculate the outflow from ruptured pipelines. Real geometries of pipelines and 
reflections are taken into account. The drawbacks are the longer calculation time, and the fact that in normal use of 
these packages the timescales are larger than typically encountered in the rapid depressurisation following a rupture. 
For this reason they are not routinely used in safety analyses. Numerical solutions of the conservation equations 
based on a method of characteristics are shown in [6]. The model is applied to pipelines containing liquid, flashing 
liquid, two-phase and a permanent gas. In [7] also the eigenvalue problem is solved. The result is a more accurate 
prediction of the critical flow rate (choked flow). 
2.1.3. CO2
Strictly speaking all these models can be used for the outflow of CO2 when the appropriate substance properties 
are used and as long as the pressure at the exit is higher than ptriple, i.e. as long as an equilibrium between vapour and 
liquid is possible at the exit pressure. Reference [8] states that for most practical scenarios, the concentrations across 
the hazardous distance are governed by the larger discharge rates during the time before solidification occurs 
upstream of the orifice. For this reason no solid effects inside the pipeline are taken into account.  
2.2. Jet expansion and flashing 
2.2.1. Physics
Outside the pipe the two-phase fluid expands until the pressure becomes equal to the ambient pressure. This 
typically happens in a small distance, i.e. in a few hole diameters, from the pipe exit. During the expansion the jet 
will significantly cool down as heat is used for the evaporation of part of the liquid. During this process 
thermodynamic and/or mechanical flashing of the liquid will occur. The result is a two-phase jet. The droplet size 
depends on the amount of superheat in case of thermo dynamical flashing; in case of mechanical flashing velocity 
differences and surface tension are important. Depending on the size of the droplets they will either remain airborne 
and eventually evaporate or rain out and form a liquid pool on the ground. No mixing with the ambient air will occur 
due to the present overpressure causing the expansion. CO2 can not exist as a liquid at ambient pressure. For this 
reason after flashing CO2 will be vapour with solid particles. 
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2.2.2. Models
In order to get from the exit conditions to the post-expansion conditions conservation equations are generally 
employed over a control volume in which the expansion occurs. Conservation of mass, momentum and energy are 
commonly used. Other options besides conservation of energy are conservation of entropy or enthalpy. The results 
of this exercise are post-expansion mass flow rate, speed, enthalpy, vapour fraction, density and jet area. This 
approach appears suitable because of the short length of the volume in which the expansion occurs [9]. 
 
Flashing may start within the pipe or outside the pipeline. The result of flashing is two-phase flow: mostly vapour 
flow loaded with droplets. The mean droplet size and the distribution of sizes determine which mass fraction will 
rain out. The droplet size does not directly follow from the conservation equations; however, other models should be 
used for that. Two established size distributions are Rosin-Rammler and the log-normal distribution [10]. Reference 
[10] shows a consensus on the fact that two types of break up exist. The first one is mechanical break up. This is 
independent of thermo dynamical properties and dominates for liquids with no or a low superheat. For this regime 
typically critical Weber numbers (values range from 10-22) are used to determine droplet sizes. Other effects like 
orifice characteristics and release pressure are not taken into account, even though the experimental data show that 
these do influence the mechanical break up. The second mechanism is thermo dynamical break up or flash 
atomisation. This type of break up will only occur when the liquid is sufficiently superheated. The resulting droplet 
size decreases with increasing amount of superheat. In general, no clear criteria are documented to indicate which 
type of break up dominates. Mostly both diameters (mechanical and thermo dynamical) are calculated and the 
smallest value is used as this gives the most conservative approach. Several correlations for the Sauter Mean 
Diameter (SMD) are described in the literature however not specifically developed for the outflow of CO2 resulting 
in solid particles instead of liquid droplets.  
2.2.3. CO2
In [1] the vapour fraction CO2 after flashing is calculated based on conservation of mass, momentum and 
enthalpy. The pressure drops below the sublimation point of CO2. The used model for flashing has not been 
developed and validated for a jet containing solid particles. It is provisionally adjusted by assuming that the solid 
phase is a liquid phase with different properties, i.e. the liquid phase is extended and now includes solid phase 
properties below the triple point. Reference [8] describes the use of a generalisation of water-ice formation for the 
formation of solid CO2 during flashing. The following solid properties are used: saturated vapour pressure and 
saturated vapour temperature, solid enthalpy and heat of fusion, solid density.  
2.3. Air entrainment – turbulent free jet 
2.3.1. Physics
After expansion to atmospheric pressure, ambient air will be entrained into the two-phase jet due to velocity 
differences. In this process the jet will slowly start to increase in temperature and the solid particles which are too 
small to rain out will sublimate. The entrained air decreases in temperature and as a result the water present in the air 
can condense and freeze in this cooling. After all solid particles have sublimated the temperature of the entire jet 
will start to increase. In the process of mixing the momentum of the jet diminishes and the dispersion will continue 
as a vapour cloud dispersion. 
2.3.2. Models
Overviews of models for jet dispersion are shown in [2, 9], two types of models are shown: integral models and 
multidimensional models. For the integral models the common basis of conservation equations is shown and the 
entrainment functions which determine the dilution of the jet are shown. The jet is considered to be 1D. The 
multidimensional models all use a k- formulation for the turbulence. In a paper on modelling a flashing jet with 
CFD [11] Star-CD is used. The calculations include evaporation, mechanical break-up and coalescence of droplets. 
The CFD calculations start post-flashing. The turbulence is modelled with k- model.  
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2.3.3. CO2
Reference [12] uses a CFD code (Fluidyn-Panache) to study the jet-mixing effect when releasing CO2. For 
turbulence modelling both k- and a k-l formulation are used. No inclusion of the liquid phase is mentioned. The 
release is calculated both with and without an initial velocity. In [13] a CFD code is used for calculating the post-
flashing dispersion of CO2. The solid CO2 that is formed during the flashing is taken as a boundary condition. A 
scalar represents the solid concentration and its evolution is coupled to the energy equation and the CO2 mass 
fraction. The method has been successfully applied for a liquid-vapour release with reasonable results. No comment 
is made on how turbulence is treated.  
2.4. Solid particle rain out and sublimation 
2.4.1. Physics
The solid CO2 particles formed in the yet will rain out form a dry ice bank on the ground, which will 
subsequently sublimate and a vapour cloud will be formed that disperses. The driving force for the sublimation of 
the dry ice is the heat transport from the subsoil, solar radiation and the wind blowing over the dry ice bank. 
 
2.4.2. Models
The opinions on the importance of rain out of solid CO2 vary. In [8] it is stated that accounting for rain out and 
pool evaporation is not justifiable until quality experimental data become available which demonstrate the rain out 
of CO2. The studied situation is a 10 kg/s horizontal release of CO2, with 180 m/s release velocity. This model 
indicates that solid CO2 is formed in the discharge; however, it also quickly evaporates and the solid CO2 does not 
reach the ground with these starting conditions. It is stated that rain out is only likely in case of very large release 
orifice diameters (as would be the case for full bore ruptures) and/or very low pressures. In [12] it is stated that for 
non-downward releases CO2 is expected to return entirely to the gaseous state, due to subsequent sublimation as 
outside air entrains rapidly into the jet. For a downward release the formation of a solid CO2 bank is described. On 
the other hand, in [14] it is stated that in the escaping high velocity jet, solid carbon dioxide will form. Frequently 
resulting in pea to marble-sized projectiles expelled at very high velocities. This is in contrast to what is stated in 
most other publications where mostly small dry ice particles are expected. Koornneef [1] assumed 10% or 20% of 
release of default scenario (110 bar, 16”, 9°C, 20 km, horizontal jet release) is falling out to form a dry ice bank. The 
sublimation of the dry ice bank is based upon an evaporating liquid pool model, in which the thermodynamic 
properties of solid CO2 are applied. The values of 10% en 20% are meant to assess the consequences of rain out of 
solid CO2 particles on the safety distances and are not based on calculations or experiments to approach the real life 
rain out. Mazzoldi [15] reports the formation of CO2-ice. In an experimental trial it was found that solid CO2 forms 
when liquid CO2 is released through a downward pointing drain valve, irrespective of flow velocity. For an upward 
pointing leakage the dry ice would sublimate due to the resistance imposed by the air to the high speed flow. In [15] 
a model is presented for the evaluation of the energy balance of a dry ice bank and its resulting sublimation rate. The 
temperature of the spill is assumed constant at the boiling temperature (-78.8°C). This assumption seems reasonable 
as Tboiling-Tground>>dTbank and the highest resistance against heat conduction is found in the ground.  
 
2.5. Vapour cloud dispersion 
2.5.1. Physics
When the momentum of the yet has become negligible the cloud is advected by the surrounding air movements. 
Also sublimated CO2 from a dry ice band will be advected by the surrounding air. The dispersion typically depends 
on the stability of the air, the wind velocity and in case of dense gasses also the density of the cloud influences the 
dispersion (negative buoyancy). In addition the topology of the surroundings will be important for dense gasses. 
CO2 has a higher density than air at ambient temperatures and, in addition, it has cooled down in the expansion. The 
density difference will be important in determining the vapour cloud movement. For this reason the model for the 
CO2 vapour cloud dispersion should be able to handle dense gas.  
 
M. Molag, C. Dam / Energy Procedia 4 (2011) 2301–2307 2305
6 Molag/ Energy Procedia 00 (2010) 000–000 
2.5.2. Models
CO2 is not unique in this behaviour. Also propane has a higher density then air. In principle the existing dense 
gas dispersion models developed for propane can be used for CO2 as long as the correct physical properties of CO2 
are used. In [16] a comparison is made between 6 widely used dense gas dispersion models: ALOHA, HGSYSTEM, 
SLAB, SCIPUFF, PHAST, TRACE. The models are used to calculate the dispersion of chlorine; the results of the 
models are compared to each other as no measured data were available. The results are also compared to a Gaussian 
plume model to see how the more advanced models compare to this more simple model. For the six dense gas 
models the results closely agree in their estimates of down-wind dispersion when given the same source emission 
terms. The paper concludes that an accurate estimation of the source term is important for the accuracy of the 
resulting dispersion. The concentrations along the centre line of the cloud obtained by the Gaussian model are within 
20% of the median of the six dense gas models. It is suggested that the enhanced plume width (due to gravity 
effects) was balanced by the reduced plume depth in the dense gas models, i.e. concentration profiles along the 
centre line are similar, but plume/cloud shapes are very different. The described models do not take obstacles into 
account. For this more sophisticated models are needed, i.e. CFD models. In dense gas dispersion, just as for 
turbulent mixing, CFD can be used. In this way CFD can cope in a single model with two different flow regimes 
(turbulent jet and vapour cloud dispersion). 
 
2.5.3. CO2
The usage of CFD for the dispersion of CO2 which is released without momentum (either plume or instantaneous 
release) is shown in [17] (code: Fluidyn-Panache) and [18] (code: ARPS). The first one uses a k- model for the 
description of atmospheric turbulence; the second one uses LES (Large Eddy Simulation) for this purpose. The most 
difficult part in setting up a CFD calculation is setting the right (turbulent) properties of the atmospheric flow for 
different stability classes [17]. 
 
3. Discussion
The main issue in the release rate and dispersion of accidentally released liquefied CO2 from a high pressure 
pipeline is the specific thermodynamic behaviour of CO2. Liquefied gases that are released will give a 2-phase flow 
of liquid and vapour. CO2 will result in a 2-phase release inside the pipeline of liquid and gas and outside the 
pipeline at ambient pressure a 2-phase flow of gas and solid particles. Many models have been developed for the 
outflow and dispersion of liquid-vapour mixtures, very few for solid gas mixtures. In addition, the experimental 
validation of the solid – gas mixture models is very poor, so a lot uncertainties exits in the final distances where 
harmful CO2 concentrations can exist after an accidental release. Especially the following points give an important 
contribution to the uncertainty: 
- What is the influence of the jet direction (horizontal, upwards, downwards) and momentum (free jet or 
impinging jet) on the harmful CO2 concentration distance? 
- Where and when does solid CO2 form?  
- How does solid CO2 influence viscosity, surface tension and other fluid properties? 
- What is the shape of the solid CO2 (pallets or flakes) and will it rain out or remain air borne? 
- Does a dry ice bank have an important contribution to the harmful CO2 concentration distance? 
4. Conclusion 
The large variation in the safety distances in the published risk assessments [1] make it difficult for the 
authorities to approve the design, construction and operation of high pressure CO2 near populated areas. A 
harmonized and validated risk assessment model will facilitate the approval process. The models described in this 
paper give a good basis for the modeling of outflow and dispersion of CO2 released from a high pressure pipeline. 
However additional modeling of the CO2 jet direction and momentum and solid CO2 formation, sublimation and 
dispersion will be necessary. Small and medium scale release and dispersion experiments will be required to 
validate the modeling.  
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